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Low Loss LPE AlGaAs Waveguide and Monolithic 
Integrated AlGaAs/GaAs Optical Devices 
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ABSTRACT 

The fabrication, processing and performance of integrated optical circuits utilizing AlGaAs 
and GaAs epitaxial layers grown by liquid phase epitaxy (LPE) on a GaAs substrate is described. 
Wet chemical etching is used to define the circuit structure. Large area (6cm), uniform and low loss 
(lem!) optical AlGaAs/GaAs waveguides (at a wavelength 0.85.1m) have been achieved, and their 
applications are discussed. Electron microprobe X-ray analysis and low temperature 
photoluminescence are shown to be a convenient and sensitive means of measuring epitaxial layer 
uniformity and quality; these data are correlated with waveguide loss measurements. 


Proc. 3rd Chinese Conference on Integrated Optics (CCIO '85), Shanghai, China, Oct. 15-20, 1985; pages 191-194. 
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Act the Crossing Channel flectro-Gptical Modulator and 


Its Comparison With Ither Modulators 


by 


William S.C. Chang, Gary E. Betts and Kama} Goel 
Department of tlectrical Engineering and Computer Sciences 
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La Jolla, CA 92093, 1ISA 


Switching or modulation of guided waves 15 one of the funtaeenta. 
butiding blocks im optical communications and signal processing systems. It is 
shoan in this paper that the crossing channel! electro-optical aodulator (or 
switch) can be undestood fram mode interference and mode conversion 
analysis. It can have a AVL product as small as the alternating A& or 
Wach-Zannder devices, It has different regions of operations showing thre 
reflection type of behavior in some -ases and the interferometric behavior in 
otner cases, depending on the number of inndes in the channel and the adiahatic 

‘orun for mode conversion. Comparisor of theoretical and experimental 
+zSu1tS, methods for optimizing the design and comparison with other switches 


or moculators are described. 
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1. Introduction 

Rapid advances made in single mode fiber optical communication have 
generated a renewed interest tn switching and modulation in optical 
waveguides. Limitations in the speed of electronic systems for signal 
processing have also generated renewed interest in optical stgnal processing, 
taking advantage of the parallel processing capability fn optics. Research in 
optical signal processing has been concerned primartiy with two dimensional 
arrays because of the desirability of @ x ®@ garalle? channels. However the 
speed of operation of individual pixels in 2 dimenstonal arrays are slow 
because large optical modulation must be achieved in a few micrometers of 
propagation path, thus materfals such as liquid crystals or PLZT need to be 
used resulting in slow speed of operation ia each pixel. A one dimensiona) 
guided wave N-channel signal processor has the advantage that all the devices 
and interactions are confined to a layered region near a planar surface. 
Electronic and optical devices can be fabricated by the batch fabricatio 
processes already well developed in the sewtconductor industry. Long 
interaction length can be obtained through guided wave interactions. Thus 
matertals such as LINDO3, III-V compound and other semiconductors can be 
used. Moreover, optical and electronic devices can potentially be fabricated 
and interconnected within the same pixel in semiconductor materials. Thus the 
speed of operation per pixel can be very high. In comparison with 2 
dimenstonal arrays, the disadvantage of 1 x MW paratle? channels can be 
compensated by the increase in speed. 

Switching or modulation of guided waves fs one of the fundamental 
but Idfng blocks tn optical communication and signal processing systems. Three 
guided wave modulators or switches that have been studied most frequently are: 
(1) the alternating 46 dfrectfonal coupler modulator, (2) the Mach-Zehnder 


bo 


interfercret ric modulator and (3) the crossing channel modulator, facca these 
three moduletors the crossing channel modulator is tne one least und. cstood. 
Thus the major objective of this paper is to discuss its properties witn the 
help of a theoretical analysis and then to compare it with tne Mach-"etnder 
and the alternating 48 modulators. The crossing channel moduiator is 
itlustrated in Figure 1 with three variations of the intersection “esign, the 
X-, the Y- and the 24n - intersections. 

There are a number of papers that have already heen publisned regarding 
the crossing-channel modulator} -15), In the earlier papers the acronym TIR 
is often used as a shorthand notation to designate such a modulator, because 
the behaviors of these devices in some limited regions of operation could he 
explained by the total fnternal reflection effect. However, rodels based on 
ray tracing or considering the device to function by classical frustrated 
total internal reflect ionl!-53 are not applicable to devices made with narrow 
waveguides and small angles, and can miss modal effects. Models based upon 
two mode interference cannot describe the performance of highly multimode 
devices with wide waveguides and larger crossing angles where mode conversion 
is stgnificant£6.7), A theory based upon the beam propagation method (BPM) is 
capable of an accurate description of this modulator, but at the time of this 
writing the BPM has not been applied to devices where mode conversion is 
significant! 9), Experiments have yielded a variety of 
characteristics(3+4,5+6.7.8,11,12,13,14,15] | Calculated results based on our 
mode] will explain in general the experimental behavtors that have been 
observed in different regions of operations showing the reflection type of 
behavior in some cases and the {nterferometric type mode behaviors in other 


S. 


Il. Description of Theoretical Model 
Simifar to the model used by Burns and Mitton! 15) | for the sake of 


simplicity in numerical analysis, all the material index vartations in this 
mode! are approximated by step-index variations; the effect of the electro- 
optical effect is modeled also as a single regian oF Voltagesrartabte: stép- 
index change (see Figure 2). The device is dfvided tnto many steps along the 
direction of propagation x. Within each step, Rg co as Xyepa the Joes! guided 
modes of the waveguide structure are calculated. The amplitude and phase of 
each mode within this step is calculated from the overlap integral of that 
mode with the total field at the end of the previous step. The propagation 
from % to p41 adds a phase factor to each mode depending upon the 
propagation constant for that mode. The summation of al} the modes at x = 
Xj4} Constitute the total field that will be used to excite different modes in 
the next step. In summary,let ny and Emy (Z Emly) be the complex amplitude 
(including phase) and the E,(y,z) of the mth mode of the total structure 
(including all the channels and electro-optical change in index). If the 
radiation field and reflections are neglected at x = xy and if E,(y) is 
approximately the same for all values of x, then the total field at x = x 
given by 

: CE (ze, (y) 

ax) NN 


and the total field at x = xj4) 1s given by 
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where si is the z variation of the dielectric constant (see Fig. 2)C10) 

For a given mode-combination at the input (i.e. total incident condition) the 
amplitude and phase of the subsequent C,; are tracked through the device by 
repeating this process step-by-step. This process is terminated when the 
output channel waveguides are so well separated from each other that there is 
no further interaction between them. Here we have assumed that (1) only those 
modes with the dominant electric field component in the z directions are 
excited, (2) the difference of the dielectric variations between adjacent 
steps j and j*l is suffictently smal) so that reflections are neglected, and 
(3) power ccnverted into radiation modes can be neglected. The most important 
approximation that may cause {naccuracy in the calculated results is the step- 
index approximation of the channel! waveguides, the numerical inaccuracy wil} 
be significant especially for single mode channel waveguides where diffusion 
length becomes comparable to the waveguide dimenstons. However the general 
behaviour of the crossing-channel modulator ts explained nicely by the simple 


model, for both the single mode and multiple mode operations. 


II]. Overview of the Operating Characteristics of the Crossing Channel 
Modulator 

Our numerical results indicate that the modulator characteristics can be 
classified into various regions of operation based on (1) an “adiabatic 
criterion" and (2) the number of modes in the input channel waveguide. The 


adiabatic criterion is defined as 
= ow 
A. > (2) 


where 6 = crossing angle of the waveguides 


= 
" 


width of the channel waveguide 


»~ 
ii 


wavelength of light in waveguide = 1g /Ng 


2 
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9 material index of the step-index guiding channel. 


This criterion is an indication of the amount of mode conversion; the higher 
the value, the more mode conversion occurs. The same criterion was used to 
divide the characteristic of branching waveguides by Milton and Burnsl 16) and 
to apply to waveguide horns in reference 17. The classification of the 
behavior of the X-intersection device as a function of these two criteria ts 
shown in Figure 3, where the various regions of device performance are 
shown, Typical intensity versus voltage characteristics for the device 
parameters range from region IIIA to region I are shown {n Figures 4 and 5. 
The devices in these figures have waveguide material index Ng * 2.22, 
substrate index ns = 2.20, wavelength = 0.6328 um, and electrode length L = 
0.55 mm. The waveguide width w and crossing angle & cre varied from w = 


2.5 um, © = 0.50 (48) to w= 14 um, & = 2.80 (5c) to give the values for A. 


and aumber of modes shown in the figures while keeping the electre ie ‘ength to 
be the same as the length of the intersection. In all these figures, we have 
assumed that only the lowest order mode of the input channel is excited. 

“1 region I, the “reflection region,” device operation can be interpreted 
as voltage-variable reflection. This region is defined by A. > 1.1 for X- 
intersection devices; however, to avoid high losses, the channels should be 
able to support at least several modes. In this operation region mode 
conversion within the intersection region is very large, and since the 
waveguide width Wis large the mutual interaction among modes in the input and 
output transition regions outside of the intersection region shown in Figure 3 
can be neglected, The picture of power following a simple ray path through 
the device and being partially reflected hy the region of lower index under 
the electrode gap is roughly correct. For example, Figure 6 shows computer- 
generated plots of the intensity profiles at various points throughout a Y- 
branch reflection-region device with a lowest-order-mode input. The intensity 
versus voltage characteristic is saturated for the negative applied voltages 
as seen in Figures 5b and 5c. The picture of the device as a reflector, even 
in this region, must be used cautiously. 1) The device behavior for positive 
applied voltages ts very complex, it cannot be explained by a simple ray 
analysis. 2) Only a simple X- or Y-type device with a towest-order-mode input 
gives the type of characteristic shown in Figures 5b and 5c. 3) Even though 
the device uses multimode waveguides in region I, it ts not a true multimode 
switch in that its performance depends dramatically on the particular mode or 
mode combination excited in the fnput channel. Devices built in thts regton 
have the advantage of having no critical fabrication tolerances, but they also 
uve the disadvantage of requiring relat’ vely high voltages for switching 


(note that allt devices shown in Figures 4 and 5 have the same electrode tength 


hut the device in Figure 5c requires about three times the switching voltage 
of the device in 4a). 

In region IIIf, the “mode interference region,” tne X-intersection device 
Operation can be understood as interference hetween two modes with voltage- 
variable phase difference. The analysis of the modulation in this operation 
region has already been discussed in a number of papers! 6.7), This operation 
region is defined by A. < 0.5, although the number of possible modes has a 
significant effect on the device characteristic. Let us consider the 
operation of an X-intersection device perfecty symmetric with respect to the 
X-axis in Fig. 3 In this operation region there should be two modes, an 
antisymmetric and an asymmetric mode, throughout the intersection region. 

Mode conversion is small in the intersection, so that modes excited at the 
input to the intersection (primarily the lowest-order symmetric and 
antisymmetric normal modes) tend to retain most of its amplitude throughout 
the device. The electrode is along the centerline of the intersection and its 
electric field has a greater overlap with the symmetric mode than with the 
antisymmetric mode. Because of thts, the electro-optically-induced index 
change has a greater effect upon the symmetric mode than upon the 
antisymmetric mode. The applied voltage thus varies the relative phase 
velocity of the two modes so that the relative phase (and therefore the power 
distribution) at the output end of the intersection varies. This results ina 
periodic intensity versus voltage characteristic, as seen in Figure 4, This 
mode-{nterference region operation mechanism was first described by 

A, Neyerl6.7]_ ‘If only a single mode is present far some length in the 
intersection region, poor modulation would result because most of the power in 
the antisymmetric mode is lost (the severity of this result may be questioned, 


however, due to neglect of radiation modes in this model). For an X- 


intersection type device the number of modes in the intersection nr gic» is the 
same as in the input channel. Thus the input channel should be wide enough to 
have two transverse modes for X-intersection devices. If there is any 
asymmetry between the two channels, voltage-independent mode conversion and 
phase shift between the symmetric and antisymmetric modes will occur in the 
tnput and output transition region adjacent to the intersection regions shown 
fn Figure 3, where the channel waveguides are not separated far enough to 
neglect mutual interaction. Such mode conversion may reduce the extinction 
ratio or the maximum modulation depth of the modulator. If significant power 
is converted to higher order modes, the intensity versus voltage 
characteristic can deviate from a simple sinusoid of constant modulation depth 
(see Figures 4b and 4c for examples). This occurs because at a voltage where 
the lowest symmetric and antisymmetric modes have phases that gtve a peak 
power in one output channel, the higher order modes can change the total field 
profile to either increase or reduce the power tn that channel. The phase 
velocities of higher order modes are also changed by the applied field, but 
not by the same amount as the two lowest order modes. Such a mode conversion 
process fs responsible for the different modulation depths tn different cycles 
of the basic sinusotdal characteristic. Higher order modes can be significant 
both in less adis'iatic devices with a few higher order modes and in nearly 
adfabatic devices with many higher order modes. Devices with significantly 
higher order mode effects may have one potential advantage: it {$s posstbie 
that these effects could be used to increase the linearity of some portion of 
the modulation charastattstics The most efficient design (f.e. the Targest 
~dulatton depth with the smallest applied voltage) fn thts operation region 
is in the sub-region IIIA, where A, 1s ‘very small and there are just two modes 


tn the intersecting regton; this gtves an even, pertodic intensity versus 


voltage characteristic (Figure 4a) with a 4V°L product comparable to an 
interferometer type modulator. 

Region II is a transition region between reyions I and III. In this 
region mode conversion is large enough that simple mode interference is not 
adequate to describe device operation; however, mode conversion is smal} 
enough that the power has a tendency to remain in the modes of the waveguide 
structures that were excited at the intersection input. This results in 
complex intensity versus voltage characteristics that have partially saturated 
and periodic behaviors (as in Figure 5a). This region is not a region for 
efficient design because devices in region III have better AV-L products than 


the periodic portions of the characteristics of region I] devices, while 


devices in region | have larger slopes and better extinction than the | 

saturated portions of the characteristics of region II devices. In addition 

to the above basic classifications, the "high loss” region occurs when a 

device has a high A. value but only supports a few guided modes. Mode 

conversion is large, but because of the small number of guided modes, 

significant power is converted to radiation modes. I[n region I, the saturated 

intensity versus voltage characteristic is still apparent even in the high 

loss region, but it is distorted by loss. Im such a high loss region, our 

theoretical calculation may be inaccurate because it ignores the coupling from 

the radiation modes back into guided modes. { 
The Y-intersection device design performs well only in region 1, where 

1ts performance 1s similiar to the X-fntersection device (see Figure 7 for a 

map of classi fications of operation regions). This device performs poorly for 

more adiabatic designs in operation regions 111 decause the power tends to 

remain in the lowest order mode throughdéut the inters.ction region, when the 


low mode of the {nput channel is excited. In this case, only a small amount 
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of power is converted to the antisymmetric mode that is needed for :ode 


interference operation. Another way to see this is to notice that the Y 
intersection depends on mode conversion for modulation, and in the adiahatic 
region this is difficult to achieve. 

The 24n intersection design performs predictably only in the most 
adiabatic case in region IJ] with a smal) number of modes (see Figure 8 for a 
map of classification of operation regions). It is useful mostly in the case 
of single mode waveguides. With the proper choices for waveguide depth and 
width, it can preserve two and only two modes throughout the entire 
intersection region with single mode input wavequides. Thus, it has the 
advantage of singte mode input waveguides and it does not suffer from the poor 
modulation effect seen in X-intersection devices when there is only one 
propagating mode in the intersection. The 2An intersection performs in a 
complex manner in less adtabatic devices (i.e., devices with many modes and/or 
larger widths and crossing angles). Im these devices, the {index change 
represented by the diamond of high fndex fs much larger than the index chance 
created by the electro-optical effect. The large index change of the diamond 
region causes a complex mode-conversion pattern in devices with several 
modes. The performance of non-adfabatic 24n devices is generally poor, 
although under some excitation conditions (1.e., a particular input mode- 
combination) they can give very good performance. However, we have found 
experimentally that the performance {s generally not reproducible because of 
the difficulty tn reproducing the specific input excitation condition. 

Another intersection type useful in the mode interference region {ts the 

jened-X intersection, shown in Figure gf18] | This allows the use of single- 
mode input channels and keeps the antisymmetric mode above cutoff by 


increasing the width of the intersection region. This type of Intersection 


has a dimension of flexibility not found in the X and 24n types: the length 
of the wide section can be chosen independently of the waveguide width and 
crosstng angle. This allows the switching voltage to be easily reduced by 
lengthening the intersection. 

For simplicity, in the remainder of this paper the different device types 
will be lumped together and referred to as "reflector-type devices” or “mode 
interference-type devices” based upon the adiabatic criterion calculated from 


their parameters. 


IV. Modulation Characteristics in the Reflective Operation Region 


This section will discuss the theoretical results for the reflector 
region of operation of the crossing channel modulator. This region is defined 
by Ac > 1.1 (i.e. region I of Figure 3). Most of the results will be 
discussed here in terms of the Y-intersection design, The X-intersection 
design devices gave similar results in this region. The parameters used in 
the theoretical calculation for most devices correspond to Ti-indif fused 
waveguides in LINDO3 operating at the HeNe laser wavelength 


(A = 0.6328 um, 733 * 30.8 x 10712 mN, substrate index n. = 2.20, waveguide 


s 
material index Ng * 2.21), which correspond to the parameters for our 
experimental devices, The voltage is applied so the electric field is along 
the -z crystalline direction; thus, negative voltage corresponds to negative 
induced index change. 

The primary criterion used for characterizing devices in this region is 
the maximum slope of intensity modulatfon at the bias point for linear 
modulation. The slope {s measured as the change of the ratio of output 


intensity per volt applied to the elect rodes to the maximum output Intensity 


(at near the zero bias voltage). Since the saturated intensity versus 


voltage characteristics (see Figures 5b and 5c) and varying extinct on ‘evels 
of devices in region I make it difficult to define a specific switching 
voltage, the maximum stope is the best criteria to compare different 
modulators. In analog signal processing one is fnterested in linear 
modulation, so this is aJso an important practical performance criterion. 
For an interferometric Mach-Zehnder modulator (or any other modulator 
with a sinusoidal intensity versus voltage characteristic}, AV°L product is 
normally used to characterize their performance where L is the length of the 
electrode and 4¥ is the voltage between maximum and minimum intensity. For 
the X-, Y-, or 24n- intersection designs of the crossing channel modulator, 
when the electrode is assumed to completely cross the intersection, the 


electrode length depends upon the crossing angle and the waveguide width as: 


W 
L STate7Zy 2 

The electrode length is assumed to completely cross the intersection for al} 

parameter vartations discussed tn this paper. For crossing channel devices, 


the 4V°L product {s related to the maximum slope by: 
aV-_ product = -—Ut , (4) 
Z-sTope 


This relation of AV°L product to slope can be used to make a rough compartson 
of the reflector-type crossing channel modulator to other modulators for which 
4V°L products have been reported. However, the Vel product 1s not a good 
imber to use for characterizing the performance of the reflector type 
modulator because 1) The reflector-type device does not have a charactertstic 


switching voltage 4V, and 2) the 4¥°L product is not necessarily a constant 


he ence = 


when the electrode length is changed. The most efficient reflector-type 
devices calculated had AVekL products of 25 to 30 ¥-mm at = 0.6328 um, or 
about two to three times higher than the 4V*L products reported for 
interferometric modulators. 

The genera) feature seen during the variation of the crossing or 
branching angle is that the slope increases as the angle decreases, down to 
sone "minimum angle” that depends upon the width of the channe) waveguides 
(see Figure 10). X- and Y-type devices behave similarly, although the curves 
are not exactly the same. The “minimum angie” (8 inl corresponds to the 
boundary of region I (i.e., Ap ~ 1.1). For @ > oan the slope increases as 
fast as the angle decreases (i.e. L increases) so that the AVeL product is 
roughly constant. At the “minimum angle” and betow, the device is in region 
If and the slope no longer increases with decreasing angle, resulting in a 
sharply increasing 4V°L product, The characteristics of the devices deep in 
region J show good saturation (i.e. nearly monotonic intensity versus voltage 
characteristics). As the angle decreases, oscillattons appear in the positive 
voltage (positive index change} range. The depth of these oscillations 
increases and the period decreases as the angle decreases. The slope in some 
of these oscillations can be steeper than the slope ta the negative voltage 
range for region II devices near the regfon [/IT boundary. However, the 4Vel 
product using these positive bias points {s not improved over region I devices 
using the usual negative bias because of the Tong electrode length in the 
smaller angle devices. These observations apply only to devices made near the 
region I/II boundary; devices deep in region If begin to have characteristics 
partially like those devices in regton III. 

’ 


Effect of Wavequide Width Variations 
The gross effect of varying the waveguide width {s that the slope 
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increases a. the waveguide width increases. A closer look at the res. it of 


varying ‘he width at a constant angle reveals 4 sharp reduction in the slope 
and an increase in the AV*L product as the width is reduced below the width 
corresponding to the boundary of region I/II operations in Figure 7. This 
occurs because of decreased mode conversion efficiency in region IJ. For 
wider widths, the slope increases. However, this increase in slope is not as 
fast as the electrode length tncrease, since the electrode length is directly 
proportional to the channel width. Thus the AVL product still fncreases. 
The net result is that although the slope is larger for wider W, the AV>L 
product has a minimum at the width corresponding to the boundary between 
region [ and region II (1.e.A, ~1.1). This ts typical of the behavior at 
other crossing angles. The larger L implies also that the r.f. modulation 
bandwidth is lower. 
Effect of Input Excitation 

All of the results above have been obtained with an input that is the 
lowest order lateral mode of the input channel. Using an input mode that 15 
not the lowest order mode of the input channel has drascic and unpredictable 
results. Figure 11 shows the intensity versus voltage characteristics of a Y- 
branch devica (8 = 20, w = 10 um) for various input modes. The 
characteristics for higher-order-mode innut (Figures llb and 1}c) are 
different from the characteristic for the pure lowest-order-mode input (Figure 
lla). Similar sensitivity to the tnput mode fs obtained for other choices of 
the device parameters. Thus, even though this device uses multimode 
waveguides, it is not a true multimode switch because it requires a particular 
*nput mode for reproducible performance. 

Generally, performance {fs worse with {input other than the lowest order 


mode, but some mode combinations can have improved performance (1.e., greater 


slope at some bias voltage, although the characteristic may no lor.ger be 
simple and saturated). It is conceivable that significantly improved 
performance could occur for some particular mode-combination. This 
combination would be very hard to find and, if found, difficult to reproduce 
experimentally. Such an effect has also been observed experimentally and 


theoretically for the 24n intersection type devices. 


V. Experimental Results in the Reflective Operation Region 


Several experimental X- and Y-branch devices have been fabricated and 
evaluated using Ti-indiffused LiNbO, waveguides. These devices all have a 
20 um waveguide width and various crossing angles, diffusion depths, and Ti 
thicknesses. Evaluation was performed at the 0.6328 um HeNe laser wavelength. 
24n-intersection-type devices with these parameters were also fabricated, but 
their performance with lowest order mode input was poor, thus those results 
will not be discussed here. 

The comparison of theoretical and experimental results for the maximum 
slope versus crossing angle is shown in Figure 12 for Y-intersection and X- 
intersection devices. The experimental devices were made with typcially 230 A 
Ti diffused into LiNbO; for typically 25 minutes at 1100° C with wet O 
flowing during diffusion. A buffer tayer of 1400 A Si0> was normally used to 
tsolate the electrodes. These figures give an idea of the rough quantitative 
match between theory and experiment over a range of parameters. Figure 13 
shows a comparison of the experimentally measured and theoretically calculated 
intensity versus voltage characteristics for a Y branch device with 6 = 20. 

In this figure one can see that atl the general features of the 
characteristics match, not just the max{mum slope. 


Our expertmental results generally support our theoretical calculation 


but there is only rough quantitative agreement hetween theory and 
experiment. The agreement is good enough to verify the theory as a valid 
basis for understanding the operation of the device, although the comparison 
also shows that the theory has shortcomings as an engineering design tool. 
Disagreement is to be expected for two categories of reasons: 1) the 
considerable simplifying assumptions involved in the theory and 2) 
experimental errors. In the first category, the assumption causing the most 
problems is the step-index approximation. As discussed later in section VI, 
this problem becomes more significant as diffusion time increases. The other 
key assumption in the theory that the waveguides are reasonably far from 
cutoff and that losses are not stgnificant is valid for most devices tested. 
In the second category, the lack of precise control of input mode control and, 
to a lesser degree, the electrode gap and placement errors, could cause 
deviation of the experimental characteristics from the predicted behavior. 
The input mode was only controlled approximately in our experiments. 
Input light was coupled directly to the 20 um wide channel waveguide using a 
prism coupler, thus the control of depth mode by the verical excitation angle 
is excellent. The lateral mode composition was controlled approximately by 
the lateral angte of the laser beam with respect to the normal of the prism. 
Tne excitations of the lowest order mode was verified only qualitatively by 
viewing the far field pattern from an output prism coupler. Nevertheless the 
input excitation of the lowest order lateral mode could be reproduced well 
enough to get reasonable modulation results for X-intersection and 
Y-tntersection devices, but an unknown mixture of higher order modes was 
‘ndoubtedly present. But tn the 24n intersection devices our methods of 
excitation did not yield reproducible results. These results agree with the 


theory tn that the devices are sensitive to the input mode. 


In the theoretical calculation, increasing the wavequide depth has no 
effect other than lowering the slope. However, in experimental devices, 
devices diffused for long times (i.e., 60 minutes at 1100) show 
significantly different characteristics than devices diffused for short times 
{i.e., 25 minutes at 1100). Longer diffusion times give larger diffusion 
depths which not only increase the depth of the waveguides but also increase 
the difference between the actual waveguide index profile and the theoretical 
step-index approximation especially in the wedge shaped region separating the 
diverging or the converging channel waveguides. As the waveguide depth 
increases, the electrode gap also becomes smaller in relation to the wavequide 
depth, This decreases the uniformity of the electric field in the waveguide 
region and thus decreases the accuracy of the step-index approximation used to 
represent the electro-optic effect. Finally, longer diffusion times create a 
more significant planar index increase (in addition to the index change for 
the channel waveguide) due to the outdiffusion of LiOs, an effect ignored in 
the theoretical model. These effects are more significant in devices with 
smal} crossing angles, and more significant in X intersections than in Y 
intersections. This contributes to the reason that the characteristics for Y 
intersection devices shows less change with increased diffusion time than the 
X-intersectton devices, and to the reason that theory and experiment match 


better for the Y intersection with ® = 2° than for the 8 = 1° case. 


VI. Device Properties in Mode Interference Operation Region 


The mode interference region of operation of the crossing channel 
waveguide electro-optic modulator is defined in Figures 2 and 8. The Y- 
intersection design works very poorly in’this operation region. Hence it is 


not included fn this discussion. The method of operation of these devices and 
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their general characteristics were described in section il! of this caper. 
Since these devices have a periodic intensity versus vultage performance 
characteristics, similar to the Mach-Zehnder interferometer and the 
alternating 48 directional coupler modulator (or switch), the AVeL product is 
the primary figure of merit used to compare their performances. The only 
thing to remember is that L is determined here by W and 6 according to 
equation (3). 4¥ is the voltage for switching from maximum intensity to the 
minimum intensity. For comparison with the devices operating {n region I, 
(E/24V) 1s equal to the maximum slope. The primary advantage of this type of 
device over the reflector-type device in operation region I 1s that these 
devices have a much smaller 4VeL product. Our theoretical calculations show 
that when fabricated using Ti:L{NbO, waveguides, these devices have a 4V-L 
Product of about 12 V-am at \ = 0.6326 um, which {is comparable to the AV°L 
Product achieved by the 46 modulator and the two-electrode interferometric 
modulator. Small 4V°L product is very important for modulation and switching 
at microwave frequenctes because the microwave drive power needs to be 
minimized at a sufficiently short L that will satisfy the bandwidth 
requirement. 

There has already heen a number of papers published concerning the 
performance of the devices in this operation regionl®,7,9,13,18) Let us 
constder first that the two crossing channels are exactly identical to each 
other and that the electrodes are placed symmetrically in the Intersection 
region, f.e. the total structure {s symmetric with respect to the x axis in 
the xz plane. In thts case the z-component electric field profiles of the 
zeroth order symmetric and antisymmetric mode at different X positions in the 
transition regions will be like those stown in Figure 14. There 1s a retative 


phase shift but no mode conversion between the symmetric and antisymmetric 


modes as they propagate throuch the input and output transition regions marked 
in Figures 3 and A, Outside of the transition regions where the two channels 
are well isolated from each other, there will be neither relative phase shift 
nor mode conversion, Thus the total effect of propagation through the 
transition region and beyond is nothing but producing a relative phase shift 
between the symmetric and the antisymmetric modes. For a given incident 
guided wave power in an input channel A, its electric field is expressable as 
the sum of symmetric and antisymmetric modes with equal amplitudes. From 
there on, the amplitudes of the symmetric and antisymmetric mode never 
change. Propagation in the transition regions and beyond produces a voltage - 
independent relative phase shift 6. Propagation tnside the Intersection 
region produces a relative phase shift (8, - Bi), proportional to V. Thus 
the output power in channel A is given by 


I 
ae : sin" (8, - 8, +6) (6) 


where 18 - 6.) = Ki5Y> The analysis presented in section 3 and given by 
Nayer(6,7], Forber and Ramer (18) and Nakajimalil) is basically correct except 
the constant @ was omitted. The existence of @ is a minor problem since it 
can be either compensated by a d.c. bias voltage or changed by adjusting the 
cross-section angle af 19,20,21] | The extinction ratio for such an tdeal 
modulator or switch is infinite since Tout can always be zero at a specific 
value of V. 

The situation ts quite different for asymmetric structures {n the 
transttion region. Asymmetry can be caused by diff2rences in titanium 


thickness, channel width, or imbalanced ‘crossing angle created in the 


fabrication processes. Figures 15b and 15c illustrate the symmetric modes and 


antisymmetric modes at different pasitions tn the output trarsition er on, 
Notice that the profiles of the electric field of the modes charge 45 4 
function of X throughout the transition regien, No matter how small 45 tne 
asymmetry, the lowest order symmetric moce at x = @ wil! always be Identica 
with the lowest order guided wave mode of the isolated channa’ that has the 
Varger nog¢, the lowest order antisymmetric mode will be identical with the 
lowest order guided wave mode of the isolated channel that has the smaller 
Regs The degree of asymmetry controls only how fast the mode profiles are 
changed at different X positions. Note once more that there is a fundamenta} 
change of the mode profile at X=* from Fig (14-2) to Fig (14b) and Fig 
(14c). As the symmetric and antisymmetric modes propagate throuyh the output 
transition region, mode conversion also takes place. For a structure with 
very sma)} asymmetry, the symmetric mode at the beginning of the output 
transition region (i.e, the end of the intersection region) {s converted ints 
beth symmetric and antisymmetric modes with approximately equal amplitude at <= 
Hence there will be an approximately equat amount of power in both 
channels for a symmetric mode (and zero antisymmetric mode) at the beginni ig 
of the branch, Stmitarly, an antisymmetric mode at the beginsing of the 
output tatersection regions is also converted {nto symmetric end antisymmeti tc 
moves with approximately equa! ampltiude at X= (i.e. equal power fn each 
channel). If both symmetric wode and antisymmetric mode with equal amplitude 
are present at the beginning of the branch, the superposition theory 
appttes. There wili be two cumponents of symmetric mode at Yee One com -cnent 
has a complex amplitude produced by the symmetric mode at the beginning of the 
beanch, while the second component has a complex amplitude produced ty the 
antisymmetric mode at the beginning of the branch. If the relattve phase 


between the symmetric and the antisymmetric mode at the beginning of the 


w 


branch 1s adjusted such that these two complex amplitudes have a 2 phase 
difference at X== with approximately the same amplitude, there will be very 
little power carried by the symmetric mode at X== (i.e. very little power in 
the larger Nope Channel waveguide). Conversely wh .. these two amplitudes have 
zero phase difference at X=* maximum power will be in the larger Nett 

channel. Similarly there will also be two components of antisymmetric mode at 
Xee, The relative phase between the symmetric and the antisymmetric mode at 
the beginning of the branch can be adjusted to produce either maximum or very 
little power in the lower nog¢ channel, Note that we have arrived at 
essentially the same conclustons about the power in two channels as the case 
of perfectly symmetric structures. The reasoning is different because the 
mode profile at X= = ts fundamentally different for a structure with perfect 
symmetry or with a slight asymmetry. At large asymmetry, the magnitudes of 
the antisymmetric and symmetric modes excited by either the symmetric or the 
assisymetric mode at the Beginning of the branch can be substantially 
different at X==. The larger is the asymmetry, the larger is the difference 
in the magnitudes at shallow angles of crossing channels. When the relative 
phase between the symmetric and antisymmetric modes at the beginning of the 
branch is changed by the appi{ed modulation (or switching) voltage so that the 
two components of the symmetric modes excited by them at the output have all 
phase difference, the power in the channel with a larger Nerf WITT not be zero 
because of tncomplete concellation of the two components of the symmetric 
mode. Similar situation extsts for the antisymmetric mode in the smaller Nerf 
channel at a different applied voltage. This incomplete cancellation is the 
root of the lowering of the extinction ratio in switching and modulation 
created by asymmetry in the fabrication processes. This effect was not taken 


into account by the published papers on crossing channel modulators (or 
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switch), 

In omter to maximize the extinctior ratics, we seed to fabricate a 
structure as symmeticic as possible. In order to minimize the AV«L product for 
devices operating well within Regicn IIi, one needs only to minimize the 
coeffictant K,. in equatiaz (6). In order to minivize AV,one can lengthen 
L. tL ina X- or 24n- intersection design is given by the crossing ancle 6 
according to equation (3). It can be lengthened indefinitely tn the widened 
X- intersection design shown tn Figure 9. Eventually L will he limited by tne 
bandwidth considerations for high microwave frequency operations. K,. can be 
maximized by appropriate design variations of the quide widtn, the electrode 
design, the Ti thickness and diffusion time and temperature and to a much 
lesser degree by the crossing angle ®. K,. can be aptimized hy theoretic) 
calculations provided a sufficiently accurate mode pratile and electru-antical 
change of index are used in the analysis. As the channel width W widens, one 
eventually gets more than the zeroth order symmetric and antisymmetric modes 
in the intersection regicn. This is spactally true tn the X- intersection 
design as cne needs to have a double mode tnout channel waveguide tn oster ty 
mafutain two modes in the tatersection reginn (sea Section 3;, When there ace 
more thea two propagation modes im the intersection region, moda canvars‘on 
will affect sertousty the extinction retic and the periodic benavicur of the 
intensity versus volt2ge characteristics. figure 1 shows the calculated 
chacacteristics of an X- tntersection cevice with W = c.5u, 6 = 0.89 (A, 
).0°) and varioys number of propagating modes in the input channel. Notice 
both the reduction fn meduieticn deptn and the {increase in apericdic benavtour 
f the tntenstty versus ve’tage characieristics as tne number of modes 


increase. Increasing the crossing angle ® (i.e. jacreastag AL) wilt alse 


increase ade conversion in the tntersection when there are more than the two 


lowest order modes. 

An X type switch has been fabricated by H. Nak.,ima and co-workers at 
Fujitsu Laboratortes( 8.1), This switch uses z-cut L:NbO3 and 1M polarized 
light, 39 9ts electrode structure differs from the one analyzed in this paper 
because the vertical companent of the electric field must be used. The index 
charge induced is approximetely the same as “hat induced by our electrode 
configuration on our X device, so the devices are comparable. The width of 
this electrode (equivalent to our electrode gap width) is 4.0 um. The 
fabricated device used 7.5 um wide Ti strips (390 A diffised five hours at 
1035) crossing at a 1.3° angle. The wavequides were single mode at the 1.2 
um optical wavelength. A nearly sinusoidal characteristic was observed with a 
switching voltage of 100 V and an extinction ratio of -25 dB in each 
channel, Since the electrode length apparently equated the pre-diffusion 
tatersection length, their 4V°L product was 66 V-mm. The switching voltage 
was also reported for various interaction Jengths, and showed a nearly 
constant AV*L product of 70 V-mm as the length wes changed. The aatabatic 
criterion for this device is Ae © 0.29 so the device fs just barely outside 
region TEJA, Our theuretical calculation predicts a nearly sinusoidal 
fatensity versus weitac: characteristic for this device, which agrees with the 
experimental observation. When the parameters for this dewice are used in cur 
theorettcal calculation, we obtained AV of 360 volts for 4 um electrode 
separation, giving a2 4V¥°i value of 238 V-mm. When the theoretically 
predicted optimum elactrote gap (4.5 um) i$ used tn the numerical) calculation 
(but all other parameters are the sanz as in the experimental uavice), the av 

1s 106 volts, giving a 4V-L product 2 70 V-mo, Thus, our theoretical 
result fs in close agreement with the expertmental result except for the 


electrode gap width. 
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Andreas Neyer L6.7] nas fabricated experimenta! models of the 24- 


intersection type using Ti-indiffusec waveguides in LiNDO,. His single mode 
device used 4 um wide Ti strips (400 A diffused six hours at 980°) crosstng 
at a 1° angle, and an electrode with a gap of 3.0 um and a length of 1.0 mm. 
The optical wavelength used was 0.6328 um. The extinction ratios observed 
were -23 dB in the straight through channel (“ON" channel in this paper) and 
-]0 dB in the crossover channel. He has observed a sinusoidal dependence of 
the output power from each channel upon the applied voltage. The switching 
voltage was approximately 13 volts, given a AV*L product of 13 V-mm, The 
adiabatic criterion for ths device is A. = 0.24 so the device is nearly in 
region ILIA. Qur theoretical calculation gives a sinusoidal output power 
versus voltage characteristic with a switching voltage of 71 volts for this 
device, which gives a 4V°L product of 33 V-mm (in our step-index model the 
electrodes do not extend outside the intersection). When an electrode gap of 
1 um is used in the calculations (but all other parameters are the same as in 
the experimental device), the switching voltage is 36 volts, which gives 4 
a¥*L product of 17 V-mm. With this electrode gap, the calculated 4VeL product 
is close to the reported experimenta) result. The switching voltage 
calculated theoretically ts targer than reported experimentally because the 
electrode tn the theoretical calculation does not extend outside the 
intersection region (so ft ts only 0.45 mm long), while the electrode in the 
experimental device (tL = 1mm) extends for a considerable length beyond the 
ends of the pre-diffuston intersection. Since the diffusion length is roughly 
2.5 um, the waveguides are blurred together by diffusion for several hundred 

ans before and after the pre-diffusicy intersection region. 

The above comparison shows that our ‘basic model {4s valid, but that our 


method of approximating both the waveguide by a step-index at a width equal to 


ey Me eee, 
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The Tt width before diffusion and the effect of the electurtc fiusa ween a 
sirgte regfon o? catfarm tadex gives as erravenus quantititive precatation of 
the performance when the electrode cap is comparable ts the cnaere! wawe juise 
width, Our appreximetion methods cave good age mest with eo furimeovas 


resuils when soplied to a deace ate nice sublime serrels (ite section 5} 


vnere the diffuc.on jcagth anc the elactrour gap rere cota cnaller thas 


ere ceannmel width, o's tat case tee uitfesgioe lerqg oa lm Compares ta Tae 
a, acd tar electric field extentied ori, over ago’ Feartian Gf ote mete 
Ly. ir the ces of ex nertmental device, or the ca we ee netree arerstions 


AN WEN at mies tsoge gap that toy Staniticant fearetoa cf cate wri. 


Hocatersection reaian even at ils witeet ocente’ | the a@tecterve creld feuie 


Mey eet rade ertoads aver 2 test cent fracture eb the ie de whith (ter was 
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he Sper uy compactag the clorieic forts etrergth pratrier ie wie to} wee 
rotensviy disteisutran, The boterat fi fouergn Fengt! oles Teo l Cums che 
with wavecuide width Thin mears that the octral merc electric flea pootile 
May ove sn elder then our calculuted nvafile, fhe meys elec ric fie do tteu 
shan jes suostaatially over the regicn ip which the applied sreccric field *s 
rong. 1a this case the overlio between the uno. ed ovectric feale ed the 
mode electric fiald is pecrly approvimatet ty oa single regran of unt few 
vide AVY trase cffects lead to the 2 roncuus gueati tative prestct.ng af 


Performence with small electrode gags. 


(IT. Comparison of the Crossing Channel Modulator wiih tiers 

ihe common eriterta used ta compare vicious switches or mudutalers are 
the AVeL product, the extinction ratio (or modulation depth), the bandaldth, 
the drt ve power requirement and the converffence and staplicity ov 


fabrication. A device may have an advantage in one criterion and a 
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Asadvantace in another criterion. Thus in this peper we wili cu dar toe 
crossing channel modulator far switch) with te Mach-/ernder interfercace 
modulator (or switch) l 23) and the alternating 4B directional coupter modulator 
for switcinjee 425) in terms of each critccion separately. 

The one feature that attracted most of the peop'e to the crossing channel 
modulator (or switch) is the convenience and simplicity of fabrication 
especially if an array of switches is desired. The Mach-Zehnder and the 
alternating 48 switches require branching waveguides and bonds to interconnect 
the various sections together, Such interconnections take up surface area on 
the chip and requires more complex lithographic patterns or processes in the 
fabrication. In an array of X-, 24n- or Y- intersection modulators (or 
Switches) the input and output channel waveguides are also the interconnection 
themselves. Thus the crossing channel devices usually have the advantage of 
simplicity and require less amount of surface area on the chip. 

The two features that have been considered most commonly as the 
disadvantages of the crossing channel modulator or switch are poor extinction 
ratio and large 4V*L product. To some degree the large 4V°L product 15 a 
misunderstanding. Only the multimode crossing channe] device has a AV«L 
Product much larger than that of the Mach-Zehnder and alternating 48 
devices, On the other hand the multimode crossing channel devices offer 
better power handling capacities because of the wider channel widtn if optical 
damage is a limitation. They also have the potenti3) of having a more linear 
response within certain depth of modulation because the mode conversion 
effects may be used to change the shape of the intenstty versus voltage 
curve. The fabrication tolerance 1s very generous. The single-mode crossing 
channel device has a 4V*L product the sane as the alternating 48 and the Mach- 


Zehnder device with electrove across only one arm of the interferometer. All 


ies) 
“N 


three types of devices have the same sinusofdal intensity versus voltage 
curve. The poor extinction ratio of the crossing channel devices was 
primartly the result of poorer fabrication tolerances (i.e. asymmetry} 
ehtatned tn the earlier devices, Recently Forher and Marom.}9} have 
demonstrated experimentally 28-29 dB of extinct{on ratio in a widened-X- 
interactton design with curved input and output guides. In comparing the 
three types of devices, we found that asymmetry of the separating channels is 
the inajor bimitation in the extinction ratio of the crossing channe? modulator 
(or switch), that unequal recombination of power in the Y junction is the 
Major cause of extinction ratio limitation in Mach-Zehner devicesl26) and that 
phase mismatch is the major cause of extinction ratio limitation of the 
alternating 48 devices. No systematic quantitative investigation has yet heen 
made to assess the difference in the sensitivity to fabrication tolerance that 
wil) ondicate which type of device will ultimately have the largest extinction 
ratio, Even the determination of fabrication tolerance is a difficult task in 
itself, 

An area of intense research activity that has just began in recent years 
ts the study of the microwave circuit properties of the switching or 
modulation electrodes of the traveling wave devices. First of all, it {s well 
known that within the constraints of fabrication line width, microwave 
circuits fn the coplanar waveguide (CPN) geometry and coplanar strip (CPS) 
geomet ryl27.28] have different microwave attenuation and {mpedance 
properties. Secondly, the microwave electric ffeld (i.e. the electro-optical : 
change of index) that can be produced for modulation or switching will depend 
on the microwave circutt desfgn. Thirdly, whether a given microwave field 


pattern combined with the optical design “of ‘a type of modulator will yield the 


minimum required microwave device power depends on a compiex set of trade-off 


factors that include the microwave circuit attenuation, the nicrodc-@ f.eld 
pattern, the orientation of the LiNbO: crystalline axes {e.qg. 2- cut or ¥- cut 
or X- cut),the profile of the optical electric field of the guided wave -wde 
and the modulation or witching mechanism. Sor example, although the 
modulatton or switching mechanism for both the corssing channel devices in the 
interferometric mode and the Mach-Zehnder devices is the same (8. - 8). the 
benefit to minimtze microwave drive power by usfng CPW or CPS geometry and by 
using 2 or Y cut LiNDO3 Is already quite different due to the difference in 
the separatton distance between channels. Fourthly, although in simple 
analyses the assessment of the bandwidth Ifmitations for traveling wave 
modulatcrs (or switches) fs just an analysis of the phase velocity mismatch 
between the microwave and the optical signal within the electrode length L, 
Korotky and Alferness {29} had already shown that directional coupler devices 
have a faster response in the time domain than the Mach-Zehnder device of the 
same L and the same mismatch in optical and microwave velocities. More 
complex schemes for compensating the velocity mismatch have also been proposed 
by Alfernes et al. [304 and Thylén et ai3l), Therefore a comparison of the 
relative advantages of various modulators at microwave frequencies will 


require a great deal of study, and it fis not available at the present time. 
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Figure 2. Illustration of the index variations 
in the theoretical model 
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‘Figure 34 Map of the operation regions 
of X-intersection devices. 
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Figure4. Intensity versus voltage’ characteristics for various X-intersection 
devices. (Output power measured as a fraction of total input power.) 
Electrode length = 0.5 mm. (a) 4, ~ 0.076, 2 modes (region IITA). 

(b) A, = 0.15, 3 modes (region ITI). (c) 4, = 0.30, 4 modes (region IID). 
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Figure 5. Intensity versus voltage characteristics for various X-intersection 
devices. (Output power measured as a fraction of total input power.) 
Electrode length = 0.5 mm. (a) 4, = 0.60, 6 modes (region JD). 
(®) A, = 1.2, 8 modes (region 1). (c) A, ~ 2.4, 11 modes (region 1). 
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Figure 6. Intensity profiles through a region I device (Y branch, @ = 2°, 
w= 104m); x = —380 2m = electrode start, x = Om — branch start, 
x = 334m = output waveguide separation point. (a) V = 0 volts. 
() V = ~60 vols. 
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Figure 7. Map of the operation regions 
of Y-intersection devices. 
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Pigure 8. Map of the operation regions of 24n devices. 
Characteristics become less periodic and more complex as 
parameters move away from region of good periodic charac- 
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(a) 


Figure 9. Illustration of the widened X-intersection 
Gesign. Widened-X: U = width-at-center; L = overall 
length. ¢ 
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Figure 10 ,Slope versus branching angle for X and Y intersections 
using waveguides of various widths. 
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Figure ll. Effect of different input modes upon the intensity versus 
voltage characteristic (Y intersectipn, 6 = 2°, » = 10 um, electrode 
gap = 2.0 ym). (a) Lowest order mode. (b) Second transverse mode. 
(c) Third transverse mode. 
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Figure 12. Comparison of thedtetical and experimental 
results for variation of slope with branching angle 
experimental w = 20 4m, theoretical w = 15 pm). 
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Figure 14. Electric ‘eid distribution of th 
normal modes of ser ating channel wa 


(>) Slight index asymmetry (top channel highe~ index). (c) Large index asymmetry 
(top channel higher index). 


je lowest symmetric and antisymmetric 
veguides. (a) Completely symmetric waveguides, 
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Figure 15. Output i intensity versus voltage characteristics for ¥-i:::2- Co devices 
with various numbers of modes possible in the input channel (-0 3 2S eH OSS 
A, ~ 0.08). (a) n, = 2.22, 2 modes. ) 2, = 2.24, 3 modes. (c) - 3» +* £32, 6 modes, 
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ABSTRACT 


Research involved in the design and fabrication of Integrated Optical 
Circuits (IOCs) is reviewed in this summary; details are given in a 
companion paper recently published in Optical Engineering. The motivation 
for these investigations is discussed, both in terms of optical 
communications (i.e., long distance transmission) and electronic 
integrated-circuit interconnects (short distance transmission). A simpie 
1OC is described that utilizes many of the essential device components: 
integrated lasers, passive waveguides, modulator, detector, and output 
coupler. Problems encountered in the design and fabrication of each of 


these components are discussed. 
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INTRODUCTION 


The use of Compound semiconductors, particularly GaAs and is 
related ternary alloys, for optoelectronic devices is well established 
Double neterostructure (OH) lasers fa>ricated from the GaAs/AlGaAs 
system serve as ideai sources, and many other components. such as 
light-emitting diodes, modulators, and photovoltaic and avalanche 
detectors, can be made from these materials. This technology began with 
GaAs, the best understood and best characterized of the direct-gap III-V 
compounds; the major driving force was that of optical communications 
utilizing optical fibers as the transmission medium. The fiber technology 
developed extremely rapidly, however, and it was soon found that a 
transmission “window” existed for certain carefully-prepared fibers at 
approximately 1.3 um and 1.55 pm. Since this window was not accessible 
using GaAs-based compounds, the development of the InGaAsP quaternary 
system rapidly followed improvements in fiber technology. At the present 
time the large majority of research on long-distance lightwave 
communications focuses on the InGaAsP/InP system. 

Both GaAs and InP are also ideal materials for use in high-speed 


integrated circuits (!Cs) because these materials have extremely high 


Oe ne ea ee re a Pe 


More Intecrated Cotce veirenic Dewees. Poge 3 
intrinsic eectren moabdities and eiectres saturation velocities. These 
jdvantages have tong been recogmzed. aud extensive programs are now 
underway :a many laoorateries to develce medium to large scale 
megrated crcuits using MESFETS, hign-electron mobility trarisisters 
(HEM TS: ied Peter junction bioctar transistors (HBTs) In this area, 
where low background tensilies G! impurities angcr defecis 1s essenta: 
to high merit operation, the technology for GaAs 's far ahead of that 
fer InP and the large fracticn of the research and development activity 
tocuses on GaAs ard its closely related Ill-V compounds. The existence of 
the efficient octical devices mentioned asove, which can be fabricated 
from these same materials, has suggested the monolithic integration of 
both electronic and optical devices on the same cnip, and makes possibie 
'he use of optical interconnects between high dens.ty circuits used for 
storage and/or processing. in the case of Si VLSI, device architectures icr 
large mainframe computers are already limited by ine transit times for 
signals between chips and between different parts of a single chip; this 
transit-time limitation results from the stray capacitance associated 
with the conventional interconnects used. Therefore, even for Si devices, 


optical interconnects are envisioned which make use of a hybrid 
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technology. These optical interconnects are Ouviously short distance 
communication links, sq that ber loss and dispersion are much tess 
serious Goth snter-chip and intra chip connections need to be 
investigated. 

In both cases (i.e , optical communications and optical chip inter- 
connects). the move from discrete optical components ta simple 
integrated optical circuits (IOCs) is a most important one; eventually 
higher levels of integration will have to be develoeed. tn this paper. we 
focus on a simple, single-chip !OC which incorporates many of the device 
and circuit features which are needed for more complex operations. This 
circuit is shown in Figure 1. !t consists of one or more integrated DH 
lasers, a pair of passive waveguides which can be phase-coupled to torm a 
modulator, waveguide bends to bring appropriate 'ow-loss waveguides 
together to form the modulator interaction region, integrated detectors 
fabricated utilizing procedures compatible with the formation of the 
integrated sources, and an output coupler to direct light beams to other. 
nearby circuits. For the purposes of this paper, the circuit shown in Figure 
1 will be used as a vehicle io carry the description of progress made on 


the development of each individual component. Details for each component 
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ae gyen vA the companion payer to tus summary. “Phetorics tor 
tegrated crcuns and communicators " by Merz, Yuan and Vawter °° 
subsequent rcterred to as MY 

The circuit smown tn Figure Vas sincty an iOC., wah no purely 
electronic funchen Hoy ever ogc of the active componoats of fic crcuit 


Naser mor ator, se.ecter) can be controled by a tnge- speed tectonic 


Oovon, ab @ust in onimcipie, san be fabricated eitner in Gaas or S 
“PUSS Staniqe ard lagie fuicnens can be coupled to optcal funcuens 


where doecog forimproved pericuranca, 


ELECTRONIC VS. OPTICAL INTEGRATION 


The integration of optical devices with fiezctronic integrated 
circults Can take two forms. the electronic circuitry 1s ether GaAs-bases 
ar Si-based. The first alternative is clearly the easiest. However, most 
of the early work on this problem was carried out by investiqators whose 
principal experience lay in the field of semiconductor lasers, he. ng very 
lite experience with GaAs ICs. Hence, many of the processing staps for 
lasers are incompatible with GaAs IC processing. Real progress can be 


made only when people experienced in the electronic or optoelectronic 
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technoiog.es colenorate intcracuveiy We teel teat deals lecorient 
for this inte acthon exists at tne University of Calior 4a Santa Barsara 
(icSB), weere the mecroeiectronics search group as strong thrusis i 
both GaAs iCs and OH !asers. 

Tre second pessibilty, that af cambiring the advantudus of tuo 
very importunt matenals, Si and GaAs. is even harder to roaize The 
epitaxial grow'h of a binary (or termary) compound such as GaAs (AiGaAsi 
on an elomenta! semiconductor such as Si invariabiy ‘escs tc poor quality 
epilayers containing larga numbers of antr-ohasc canans. There 's 
currently a great deal of research activity thrcughout tre word on the 
oroblem of growing GaAs on Si Professor Kroemer at UCSB has made 


significant progress on this problern by chocsing tc grow or the (211) 


onentation of Si. 


COMPONENTS OF A SIMPLE IOC 
Laser 


Two techniques are generally used to fabricate laser cavities 
without cleaving the wafer to form resonating mirrors: the formation ot 


either gratings or etched mirrors to provide the necessary feedback. In 
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bot Vases complicated processing techniques are regard The vcd tor 
ths technology now belongs to 'nP based compounds, rather {han GaAs, 
siice many of these precassing steps work better for InP Althougit most 
ct the effort in the ‘ast 19 years has concentrated an Jie facrcation of 
grateg devices ullhzing enther tne distubuted feedhack (2F3) or 
distrbuted Erica reflector (DAR) configurations. the performance “! such 
devices bas been dsappointing, probably because of the strcl tole: anveas 
required tor tha periodic corrugations producing the iaser feedback Tis 
author has emphasized the fermation of Fabry-Perot rescnators by etching 
techniques, with the large majority of this work utilizing wet chemica! 
etching. Results are given in MYV. 

Although the results obtained by wet chemical etching have been 
extremely encouraging compared to grating devices, wel chemistry is very 
difficult to control; the resulting mirrors are usually rough and strated, 
and show low reflectivity (often as low as a few percent). More recently 
dry etching techniques have been investigated. Reactive ion etching (R!E} 
combines the directional qualities obtained by sputtering, while producing 
far less surface damage; already excellent results have been obtained for 


the InGaAsP/InP system, and work is proceeding in a number of 
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laboraiones to exterc this to GaAs Pernaps more important in the future 
Wil be tea use of réactive ton Deam elching, with Its belle: :qherent 
geametr.c3! santre!, and very low energy etching techniques in order to 
minimize su:tace damaga Future research must concentrate on the 
deve'our:ant of more sophisticated processing techniques ulillzing a 
varnety of wet and dry etches to forrn smooth, vartical murrors. 

Atterspts to preduce stnpe-geometry iasers with etched mirrors 
have been less successful than the integration of broad arca lasers ona 
single chip) MYV used a channeled-substrate crescent contiguration, whic 
did indeed fase, but with low differential transfer efficiency, = 5%. (the 
differential efficiency for the transfer of energy from laser to detector 
via passive waveguide}. However, single transverse mode operation was 
obtained. 

Passive Wavequides 

Conceptually the simplest device inciuded in Figure 1, a low loss 
passive waveguide nevertheless represents an important key to the lOC 
technology. Much aitention has been given to the transmission, scattering, 
and loss properties of GaAs/AlGaAs waveguides (cf MYV and the 


references therein). Characterization of the transmission and uniformity 
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of these waveguides is essential: two-dimensionai photolurninescence and 
yerdy analysis; have been combined to detesmine the hemegeneily ot 
WPo.des grown inthe adther’s iaboritary by liquid phase cpiary (LPE) 

Equally iroportant to ‘ow loss straight waveguides +s ihe abulty 
tO fabri He ‘cw 'oss curved waveguides, in order to atfic.ently utilize 
chin real estate Cured multimode waveguides with integrated etched 
lacers have seen reported by Yuan et al) with diuferer: ai transter 
efficiencies of 4.5% for 'aser'curved-wavequide/detector structures 
Several authors have attempted to make ring lasers or lasers with some 
son of bend. It has been comonstrated unambiguously that such devices 
can be made to lase, but no one has succeeded in extracting the optical 
energy fram the ring with high efficiency. 

Modulators 

A crucial component of the circuit shown in Figure 1 tor hiah 
speed operation is the modulator. Shown in this figure is a so-called 
stepped-AR configuration, where voltages can be applied to the electrodes 
independently to achieve complete crossover between the waveguides (i.e., 
100% coupling). The characteristics of various types of GaAs/AlGaAs 


optical directional couplers in GaAs (e.g., strip-loaded, rib, and 
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strip-loaded-rib waveguide couplers) have been studied in detail 'n our 
laboratory ') We are currently in the process of fabricating such devices 
and have observed switchable coupling in parallel! waveguides witnout 
bends. 

Detectors 

Once the problem of integrating lasers using etched mirrors has 
peen solved, the fabrication of detectors follows in a straightforward 
way. Thus, an integrated laser mesa could also be used as a detector in 
the photocurrent or photovoltage modes. Reverse-biased avalanche photo 
diodes (APDs) have also been investigated in several of the compounc 
semiconductor systems. 

tin 

Figure 1 shows an unterminated passive waveguide which serves 
as a simple output coupler at the semiconductor/air interface. However, 
the problem of output coupling is much more serious for interconnects 
between chips. Several possibilities are envisioned. In Figure 1 the 
output waveguide could terminate in an optical fiber, which is either 
butt-coup!ed to the chip, or buried in some sort of etched well. 


More interesting than obtaining output in the plane of the chip is 
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the possibility of obtaining output perpendicular to the layer. A number of 
configurations are under investigation in various laboratories, inciuding 
several laser structures whose optical cavity is formed in the direction 
normal to the substrate. These devices have very short lengths and are, 
therefore, single longitudinal mode devices, but they usually operate with 


low etficiency and high threshold. 


CONCLUSION 

The simple |OC shown in Figure 1 has been used to illustrate the various 
functions which are required to form integrated optics devices for optical 
communications or for electronic !C applications. The most difficult 
aspect of this technology remains the mastery of the necessary 
fabrication and processing steps needed to fabricate compound 


semiconductor devices. 
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Figure 1. A simple Integrated Optical Circuit (IOC) with lasers, passive 
waveguides, stepped-A8 modulator, detector, and chip output. 
Problems encountered in the design and fabrication of each of 
these components are discussed. 
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Present research on optical fiber communications 
is driven by the desire to exploit the vast trans- 
nission band:idth of Single-mode fibers for long 
distance trunking 15 well as for local distribution 
of wideband services. Therefore, Single- frequency 
laserS, sensitive vhoto-receivers, high-speed opto- 
electronics, methods for wavelength multiplexings 
and coherent modulation and detection techniques 
are of current interest. This talk reviews the 
state-of-the-art of the fibers and photonic devices 
for high-speed ( 1Gb/s) lightwave transmission, 
discusses performance limitations due to fiber 
material effects and device non~-idealities, and 
reports results of recent systems experiments. 
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This paper deala with the problem of reset in PTAC system vhich 16 
used to support the detection of fiber acouatic sensor. By using a pasaive 
feedback controlling circuit replacing an active one, we successfully avoid 
the reset which is the main disadvantage in PTac 


L._INTRODUCTION 

Several detection systems applied to fiber optical interferometer have 
been reported by many euthora since 1980, '~? One of the promising system is 
homodyae with DC or AC phase tracking. 85 shown in Pig. 1. 
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Fig,1. PTDC system applied to the fiber acoustic sensor 


It shows its efficiency of aimple circuits and high sensitivity. But it 


remains sowe problems. The main disadvantage of it ie the reset problea. 
the phase track may fail. 


1,2 


When the output of integrater approaches to £10v, 
Thus we must reset the circuits back to the initial condition. It causes 


1 
some troubles in operation. 
THE £ BOR IN_PTA 


SIGNAL 
FLELD 


Peers | 


DETECTION 
SYSTEM 


Las} 


INTEGRATER} — 


Pig.2 PTAC syetem applied to the fiber acoustic sensor 


In our experiaent as shown in Fig. 2, we have observed that the out— 
put voltage of the integrater will be in saturation state, if it approaches 
to +100, The reason te that the voltages of t10v are the limit of output 
range of operational smplifier which is generally used to make an active 
integrater. The saturation state meane the phase track lost. Then the out- 
put of the integrater will fail to proportionally respond the phase shift 
due to variation in temperature and random vibration. It is necessary to 
rapidly reset the circuits back to the inittal condition from which it can 
etart over and keep track again. This reset will produce e glitch in the 
output and make trouble. 


DL1. AVOIDING THE RESET IN PTAC 


The cause of the reset discussed above has given us e suggestion 
that 1% is possible to keep phase track without the reset if the output of 
integrater is kept away from the limit of its output range. For this purpose, 
we uge the amplifier + passive integrater substituting for the active inte- 
grater with amplification, as shown in Fig. 3}. 


29° 


oe 


; ACTIVE JWTEGRATER -= > 


Fig. 3 Passive integrater substituting for active one 


PASSIVE INTEGRATER 


The reason is that: as to the passive integrater the output voltage 
cannot be higher than the input voltage. Thus it is possible to design the 
gain of the amplifier precisely so that the output voltage of amplifier 
can be kept avay from the limit of the output range with consideration of 
the maximum input into the amplifier due to phase shift, Then the putput 
voltage of the itntegrater will be surely below the limit. Further more, to 
prevent phase compensation too small to keep the interferometer in quad- 
rature condition, we increase enough length of fiber wound on to a piezo- 


electric cylinder. ee 


a 


By using these techniques, we successfully avoid the reset. The 
gain of amplifier we designed is about 150, the time constant of the passive 
integrater is about 107's, the fiber wound on to the piezoelectric cylinder 
ie about 10 meter. Both ptezoelectric cylinder and fiber are made in China. 
The experiment is made under the conditions of laboratory enviroment. The 


temperature during the experiment is kept about 2042 %C.. 


v iN Ni 

The problem of reset exists in both PTDC (shown in Pig. 1) and PTAC 
(shown in Fig.2). Though we are discussing about how to avoid’the reset 
in PTAC, the same technique can also be used in PTDC without difficulties, 
because the principle of phase track is the same for both. 

The key to wgaintain the feedback voltage away from saturation ts 
how to design both the gain of amplifier precisely with consideration of 
maxinum input into the amplifier and the time constant of the passive 
integrater, Also, it ta poasible to lessen the limit for gain design if 
a high voltage operational amplifier is available. 
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